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Abstract:
Background:
Schizophrenia is a disorder of higher mental attributes, and is characterized by psychotic symptoms that are believed to involve a basic inability to make valid predictions about expected sensations and experiences. These have been reported separately while monitoring either externally generated environmental patterns (e.g. gestalt-perception) or self-generated sensory experiences (e.g. corollary-discharge). As the pathophysiology behind predictive dysfunction is better viewed as an aberration in brain's functional synchrony, a whole brain assessment using electroencephalographic (EEG) event related potential (ERP) and functional magnetic resonance imaging (fMRI) techniques, would offer a wider perspective to brain network abnormalities in schizophrenia.
Method:
We used our lab-developed game-based task which presents degraded two-tone images to assess gestalt-perception, and simultaneously alters the congruency between participant's button-press response and its auditory feedback to assess corollary-discharge. In both patients with schizophrenia and age-matched healthy controls, we explored event-related changes in an EEG-ERP study (n=21 each) and whole brain functional connectivity changes in a fMRI study (patients,n=12; controls,n=16), using the same task.
Results:
Patients showed reduced event-related EEG dynamics during both the error-prediction conditions (gestalt-perception and corollary-discharge), which include reduction in average waveforms (around N170 and N1-P2 complex, respectively) and altered theta dynamics (power and phase). Source-level EEG measures were clustered around the cingulo-insular network. fMRI functional connectivity analysis also found the abnormality in these brain regions, forming significantly weak connections with right insular/opercular cortex.
Conclusions:
This is the first study to explore 'thalamo-cortical dysfunction hypothesis' in schizophrenia by integrating prediction-error-coding during perception ('gestalt-perception') and action ('corollary-discharge') using two neuroimaging modalities (EEG-ERP and fMRI). Besides adding to the knowledgebase of schizophrenia research, our novel task design and findings on theta-oscillation could benefit in the development of effective neuromodulatory therapeutic tools for patients with schizophrenia such as neurofeedback and transcranial brain stimulation.
Introduction:
Recent advances in neuroscience, have identified schizophrenia as a pan-cerebral illness, affecting different brain-regions, at varying brain-states, and resulting in diverse brain- or experience in their environment, and this interferes with their ability to think clearly and manage emotions.
One such 'de-noising' mechanism is top-down prediction-error-coding, where higher brain centers (association areas) predict incoming information, which is then compared with bottom-up stimulus-bound signals from lower centers (sensory areas) 3 . Discrepancy between bottom-up sensory stimulus and top-down predictive signals is coded as 'prediction-errors', and these generally form the bulk of brain signals during wake-state cognition. Such prediction-error-coding requires multiple levels of abstraction, which is known to involve medial prefrontal cortex and temporo-parietal junction, besides many other brain regions 4 . Studies on schizophrenia have confirmed failure in prediction-error-coding 2, [5] [6] [7] . Such studies examined prediction-error-coding while observing externally generated sensory patterns (gestalt-perception) 8, 9 or while experiencing self-generated stimuli (corollary-discharge) 10, 11 . Gestalt-perception involves grouping of local stimulus features from lower centers based on matching with predictions of higher centers, to form an abstract percept (e.g. scenery). Corollary-discharge involves communication between higher motor areas and sensory areas to predict sensory outcome of self-generated action (e.g. speech).
In both cases, sensory attenuation occurs if prediction-error is minimal, i.e., when perceiving an 'abstract sense' (gestalt-perception) or a sense of 'self-generation' (corollary-discharge).
In schizophrenia, aberrant prediction-errors are generated that lead to inappropriate salience and thereby misinterpretations 2 . As cortico-thalamo-cortical loop is essential for the dynamic formation of inter-cortical networks implicated in prediction-error-coding, this circuitry could be altered in schizophrenia and forms a putative target for research 2, 12 .
Evidence for 'thalamo-cortical dysfunction hypothesis' of schizophrenia [12] [13] [14] [15] , is rooted from several isolated research studies in schizophrenia. Firstly, whole-night sleep studies have reported sleep spindles deficits with or without sleep architecture abnormalities, suggesting aberrant thalamo-cortical interaction 16, 17 . Secondly, deficits in event related potentials (ERPs) has been interpreted as deficits in thalamus mediated filtering of novel/salient stimuli 18, 19 . Thirdly, neuroimaging studies have reported thalamic abnormality either in terms of morphology 20 or activation pattern during various tasks 21 .
However, as this circuitry handles prediction-error-coding during perception and action differently 3 , there is a need to integrate both these aspects for exploring 'thalamocortical dysfunction hypothesis' in schizophrenia. Accordingly, the current study integrated two tasks ('gestalt-perception' -perceiving whole images from incomplete visual patterns;
and 'corollary-discharge' -distinguishing 'self-generated' from 'other-generated' stimuli) and
used two neuroimaging modalities (EEG-ERP and functional magnetic resonance imaging (fMRI)). The study hypothesized that PSZ would show varying degrees of abnormalities in task-related EEG-ERP and task-related fMRI connectivity as markers of altered 'predictive error', and thence the dysfunctional thalamo-cortical network.
Methods and Materials:
The study was carried out with approval from Institute Ethics Committee, thus conforming to the ethical standards laid down in the 1964 Declaration of Helsinki. Written informed consent was obtained from all participants (and their legally qualified representatives in the case of PSZ) prior to enrolling them into the study.
Note: Please refer to supplementary methodology for more details.
Participants
Healthy control subjects (HCS) were recruited by word of mouth, and PSZ were recruited from the out-patient department by purposive sampling. Participants were matched for age and gender ( 
Task design
'Prediction-error-coding' was assessed using our custom-developed task ('ANGEL' or Assessing Neurocognition via Gamified Experimental Logic 22 ) that helps in simultaneous assessment of multiple ERPs in a single session. A shortened version was used for fMRI study.
EEG recording
All recordings were done in a sound attenuated chamber, using a 70-channel Neuroscan 
ERP analysis
Offline analysis was performed using EEGLAB v13 toolbox 23 in MATLAB 2013a. Automated artefact removal was employed using artefact subspace reconstruction (ASR) algorithm 24 implemented as a plugin in EEGLAB. ERPs were obtained by averaging of 3000ms preprocessed EEG epochs starting 1000ms before the onset of gestalt images (gestaltperception) or polysyllabic feedback sound (corollary-discharge). A low pass finite impulse response (FIR) filter of 35Hz was applied to ERP data. Electrode for initial exploration of ERP as well as time-frequency analysis (ERSP and ITC) was chosen based on those reported in previous studies. Accordingly, PO7/PO8 electrodes were used to observe the prominent N170-P200 complex during gestalt-perception, and FCz/Cz electrodes were used to observe the N100-P200 suppression during corollary-discharge. However, time points to extract subject level differences were decided based on the group-level analysis at these electrodes.
Event-Related Spectral Perturbations (ERSP) and Inter-Trial Coherence (ITC)
analysis ERSP (strength of power modulations across trials) and ITC (measure of strength of phase alignment across trials) were computed using wavelet-transform routines of EEGLAB. Due to computational limitations, we restricted to a frequency window of 3-30Hz for all channels.
EEG Source level analysis
To further examine the brain sources of ERP signals, first an independent component analysis (ICA) was performed, and then the location of each independent component (IC)
was computed using DIPFIT plugin of EEGLAB. ERP, ERSP and ITC computed from ICs of all subjects, were each subjected to a probabilistic multi-subject inference using Measure Projection Analysis (MPA) implemented in MPT (Measure Projection Toolbox) plugin of EEGLAB 25 .
fMRI acquisition
fMRI was done using 3-Tesla wide-bore MRI scanner (Skyra, Seimens, Germany) with 20channel head-coil. A total of 445 scans were obtained (after discarding first 2 dummy scans).
fMRI Analysis fMRI images were pre-processed using Statistical Parametric Mapping (SPM v12) toolbox routines and further functional connectivity analysis using CONN v14p toolbox 26 , running on MATLAB 2013a. We used 136 default regions of interest (ROIs; 95 cortical and 51 subcortical) and used bivariate correlations as connectivity estimations during error prediction trials (both gestalt-perception and corollary-discharge tasks combined).
Statistical analysis
All statistical tests were implemented using statistical functions that were part of the EEGLAB v13 toolbox (for EEG data) or SPM12 and CONNv14p (for fMRI data), implemented in MATLAB 2013a software. Permutation-based two-way mixed design analysis of variance (ANOVA) was used to test significant differences in EEG data, after multiple comparison correction using false discovery rate (FDR). Statistical comparison of demographic parameters was computed by non-parametric permutation based t-test using 10000 iterations, and 95% confidence interval of mean difference was obtained using bootstrap statistics on 10000 re-samples. Statistical significance between groups was set at p<0.05.
Results:
Scalp EEG dynamics of Prediction-error-coding a) Gestalt-perception PSZ showed reduced N170 (175-200ms), and significant scalp topography deficits over frontal and parieto-occipital sites, during all image types (Fig-1 ). PSZ also showed significant difference in P200 and later ERP components (250-550ms) for 'Shape absent' images, and significant scalp topography deficits over fronto-central sites mostly for 'Shape absent' and 'Shape present' images. Both these time points also showed most significant betweencondition changes in both groups.
ERSP changes included an increase in theta (3-8Hz) power followed by reduction in beta (13-30Hz) power at PO8 electrode, in both groups (Fig-2 ). PSZ showed significant deficit in theta power at the post-image period (0-300ms) mostly for 'Shape absent' and 'Shape present' images, and significant scalp topographic deficits over frontal sites. Additionally, theta power reduction occurring in occipital sites were also significantly less in PSZ.
ITC analysis also showed significant deficit for PSZ in theta phase resetting for 'Shape absent' images at the peri-stimulus time (-100 to 200ms), and scalp topographic deficits mainly over frontal sites for all image types (Fig-3) .
b) Corollary-discharge
PSZ showed reduced ERP for 'CDon' condition at three time-periods (-200 to -150ms, -100
to -50ms and 50 to 100ms) and no difference for 'CDoff' condition, compared to HCS (Fig-4 ).
Scalp topographic deficits were mainly over central electrodes.
ERSP changes were most prominent around theta frequency and showed significant main effects (both between-group and between-condition) as well as interaction effects at two time-periods (-440ms to -280ms and -160 to 60ms), with scalp topography deficits at most electrode sites (Fig-5) . The difference in theta-ERSP between 'CDoff' and 'CDon' conditions was also significantly lower among PSZ, at both the time-periods (Table-2 ).
PSZ showing decreased theta-ITC values during 'CDon' condition at two time-periods (-200 to 400ms and 400 to 600ms), which was also distributed throughout scalp (Fig-6 ).
See Table-3 for task performance.
EEG Source dynamics of Prediction-error-coding
For convenience of reporting, clusters are named here based on the largest contributing brain region within each cluster. a) Gestalt-perception (Fig-7 fMRI connectivity of Prediction-error-coding a) ROI-ROI analysis (Fig-9 )
Both gestalt-perception and corollary-discharge conditions were considered together as a measure of error prediction for ROI-ROI based fMRI connectivity analysis. PSZ showed significantly weaker connectivity for right central opercular cortex with 14 other brain regions (Table-4 ).
b) ROI-Voxel analysis (Fig-10 )
ROI-Voxel analysis using right central opercular cortex ROI as seed, showed the difference in connected brain regions between task conditions. During both gestalt-perception (face present and shape present trials) and corollary-discharge ('CDon' trials), clusters were identified in bilateral sensory-motor, cingulate, right superior parietal and left inferior temporal areas, all showing reduced connectivity in PSZ. Gestalt-perception condition showed many more poorly connected regions than corollary-discharge condition, especially in clusters around bilateral middle frontal areas and right lateral occipital areas. During disrupted gestalt-perception (face absent and shape absent trials) and absent corollarydischarge ('CDoff' trials) conditions, no brain areas showed significant difference between the groups.
Discussion:
In the present study, patients with schizophrenia demonstrated various aspects of predictionerrors in terms of altered ERPs and associated measures of EEG dynamics (ERSP and ITC), during both gestalt-perception and corollary-discharge. Such prediction-errors reflect defective brain oscillatory events and thalamo-cortical dysfunctions associated with schizophrenia.
Patients showed reduced N170 amplitude in bilateral parieto-occipital electrodes as well as in frontal electrodes associated with gestalt-perception. In addition to 'Mooney faces', N170 changes were also seen for non-face visual-patterns such as the 'Kanizsa triangle'.
This reflects involvement of brain areas outside face-selective network such as medial fusiform gyrus 27 and superior temporal sulcus 28 . In line with our ERP findings in PSZ, Spencer et al 29 had found deficits in P1 and N1 components while viewing illusory squares, whereas Turetsky et al 30 reported N170 deficit for images with facial expressions. N170, occurring 170ms post stimulus-onset in lateral parieto-occipital electrodes, is thought to reflect activation of brain regions processing face-specific visual-patterns (occipital face area, fusiform face area and superior temporal sulcus) 31, 32 . Reduced N170 amplitude in PSZ could be associated with reduced activity in the above-mentioned brain areas. Moreover, it could also result from deficits in long-range brain connectivity in PSZ, as previous EEG studies 29, 33 have reported reduced stimulus-induced synchronisation in beta and gamma oscillations during gestalt-perception. Interestingly, our PSZ showed deficits in theta frequency, especially in the post stimulus 200ms components of ERSP (over most of scalp electrodes) and ITC deficits observed at peri-stimulus period (mainly over frontal electrodes).
Though we did not replicate deficits in higher frequencies, authors of the previous study attributed the deficit in gamma synchronisation to dysfunctional thalamocortical circuitry and hinted on a possible interaction with low frequency oscillations. Furthermore, poor theta coherence among the patients have been implicated in impaired perceptual experience 34 .
Theta oscillation over medial frontal scalp sites (presumably generated by medial frontal area) is implicated in cognitive monitoring and thereby contributing to conflict monitoring and sustained attention 35 . It is assumed that medial frontal theta oscillations drives the lateral frontal cortex into synchrony with multiple task-related brain networks [35] [36] [37] . This is generally seen as an increase in task-related theta power in frontal brain areas (corresponding to medial to lateral frontal communication) and increase in theta phase synchronization across task-relevant brain networks. Therefore, the deficit in theta oscillation among PSZ would also indicate aberrant neural synchrony, as described using higher oscillations in previous studies.
Patients also showed deficits in ERP morphology at time-windows preceding the stimulus as well as before the N100-P200 ERP complex generated during the corollary-discharge task ('CDon' only). These deficits were mainly observed over the centro-parietal electrodes. Patients however did not show suppression of N100-P200 complex as reported in earlier studies 11, 38 . In these studies, suppression of N1 (or N100) component of auditory ERP to sound produced while talking or on button-press was reduced in PSZ. These studies hypothesised that normally, the secondary events of corollary-discharge are associated with sensory attenuation of auditory feedbacks. Accordingly, the conventional ERP components (N100 and P200) would have been chosen in these earlier studies. As we did not observe such a suppression deficit in PSZ, their corollary-discharge deficit could be weaker than reported by prior studies. In the current study, corollary-discharge was studied while participants were performing a more engaging multi-stimuli ANGEL task 22 . The numerous factors that are part of such a task (like multi-sensory integration, motivation, attention, distraction, etc.) could have improved brain response 39 , and allowed prediction-errors to be optimal for sensory attenuation as prediction-errors are also dependent on top-down influences (such as expectations, prior experience, etc.) 3 . In line with the ERP findings, event-related time-frequency analysis in PSZ also found significant deficits at time points before N100-P200 complex for theta oscillations, in terms of magnitude (ERSP) as well as phase (ITC) synchronization. An increase in theta coherence in the pre-stimulus period is known to be associated with corollary-discharge, and found abnormal in PSZ 40 . We also found the topographic distribution of theta dynamics to be severely limited in PSZ, in agreement with earlier reports of poor fronto-temporal theta coherence 40 . Taken together, our ERP, ERSP and ITC findings could indeed reflect corollary-discharge deficits among PSZ, complementing the previous studies.
In our study, PSZ patients showed deficits in many of the event-related EEG dynamics, including highly reduced ERPs and altered theta dynamics, during both gestaltperception and corollary-discharge. Both gestalt-perception and corollary-discharge reflect the brain's error prediction mechanisms, and hence altered event-related EEG dynamics seen in the current study could be linked to altered trans-thalamic (thalamo-cortical, including cortico-thalamo-cortical) oscillatory mechanisms 41, 42 . The magnitude of event-related EEG dynamics indicate the integrity of thalamo-cortical network 43 , and theta synchronization is linked to activity of higher order thalamic nuclei 44 . Therefore, our observation of wide spread deficits in scalp distribution of event-related EEG changes, is suggestive of altered connectivity and modulatory changes among remote brain areas.
Studies have shown that lesions in dorsolateral prefrontal cortex reduce the visual N100 (or N170) amplitude of extrastriate occipito-temporal areas 45, 46 and lesions in noradrenergic brain stem modulators cause a reduction in the P3 (or P300) amplitude 47 population suggest that impaired gestalt-perception is associated with aberrant activity in the right fronto-parietal network 50 . Similarly, decreased activity in the dorsolateral prefrontal, medial frontal and parietal cortices have been shown to be associated with gestaltperception of sematic context in schizophrenia 51 . Insular network which forms part of the larger fronto-parietal network, is known to be active during perception at an abstract level [52] [53] [54] and hence could play a core role in gestalt-perception. In addition to the already described role of theta coherence 34 , post-stimulus beta power decrease 9,29 is also considered important for gestalt-perception. Taken together, the EEG source analysis highlighting increased theta power and decreased beta power in right insular cluster could indicate gestalt-perception, which is impaired in schizophrenia. The increased theta phase synchrony in left anterior cingulate cluster and theta power increase in left superior parietal cluster among patients could be a futile compensatory drive to activate insular region 35 .
During corollary-discharge task, patients showed deficits in most of the EEG source clusters identified (ERP in left superior temporal; theta-ERSP in left basal ganglia and right superior parietal; theta-ITC in left motor and right cingulate). Moreover, patients showed increased beta power (ERSP) in the right superior parietal cluster suggesting impaired suppression of sensory processing 55, 56 . These results suggest that corollary-discharge involves synchronous activation of frontal (motor) and parietal (somatosensory) regions with mediation from basal ganglia and the anterior cingulate. Impairment in this synchrony would have prevented suppression of sensory processing areas. These are also in agreement with prior reports of a deficit in efference copy during corollary-discharge 38, 40 , where a decreased fronto-temporal theta coherence was observed. As described earlier, theta oscillation deficit could be a cause for this disharmony in patients 35 .
Our fMRI findings highlight the prominent role of cingulo-opercular (or cingulo-insular) network in both gestalt-perception and corollary-discharge, which is significantly affected in PSZ. Component brain regions of this network, especially the insula and anterior cingulate cortex, are believed to play significant roles in error processing, brain state switching, sensory integration and self-awareness 57-59 . As our cognitive task predominantly consists of these components, it is not surprising that cingulo-opercular network connectivity dominates during the task. Moreover, the significant reduction in insular connectivity among PSZ is a widely reported finding, especially in recent studies 60, 61 . In the light of our recent finding of sleep deficits in Schizophrenia 62 , we would have expected a larger impact on thalamocortical connectivity. Interestingly, a recent fMRI study reported thalamic hyper-connectivity and sensory hypo-connectivity in schizophrenia during resting state 63 . They relate this to the differential connectivity of thalamus seen among patients [64] [65] [66] , with stronger connectivity between thalamus and sensory-motor cortices and weaker connectivity between thalamus and prefrontal cortex. It is speculated that such an aberrant connectivity during resting state would correspond to cortical-subcortical antagonism resulting in break-down of default-mode network or even descent into light sleep. Thus, delinking of insula (or its expanded cinguloopercular network) and higher-order thalamic nuclei 67 could explain the prediction-error and poor self-monitoring that is a hallmark of schizophrenia.
Limitations
As our EEG source localization relied on default channel locations (instead of individual digitized locations) and template MRIs (instead of individual MRI images), there could be localization errors in the EEG-sources we reported. However, our EEG and fMRI findings show common dysfunctional brain areas in PSZ and the brain regions identified conforms to those reported in literature; thus, our results seem robust to the above limitation. We could not do the EEG and fMRI study on the same group, but in turn, this gave us an opportunity to replicate the findings in an independent sample.
Conclusion
This is the first study to examine prediction-error-coding during both perception (gestaltperception) and action (corollary-discharge) within the purview of 'thalamo-cortical dysfunction hypothesis' in schizophrenia. We identified deficits in ERPs, theta-oscillations and localised abnormality in insula-driven brain network, using separate high-density EEG and fMRI studies. Besides adding to the knowledge-base of schizophrenia research, our novel task design and findings on theta-oscillation could benefit in the development of effective neuromodulatory therapeutic tools for PSZ such as neurofeedback and transcranial brain stimulation.
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